Introduction
Electroluminescence (EL) from nanocrystalline silicon (nc-Si) can be obtained by bipolar carrier injection or by an impact mechanism. In the latter process, high-energy hot electrons generated across the nc-Si layer due to the high electric field causes intrinsic EL. In most cases of EL from nc-Si, this impact process is responsible for the EL [1, 2] . One way to improve the EL efficiency further is to use the ballistic electron generation mode. The ballistic electron generation in the nc-Si layer has been confirmed for nanocrystalline porous silicon in relation to electron emission into vacuum [3, 4] and ballistic lighting effect [5] .
The present work introduces a new type of EL device in which both the luminescent layer and the ballistic electron generator are integrated in nanocrystalline polycrystalline porous silicon (nc-PPS). The EL efficiency is much enhanced by this configuration due to efficient energetic electron generation than in conventional PS devices.
Experimental
A heavily doped n-type polycrystalline silicon film (1.6 µm thick) was deposited by a low pressure chemical vapor deposition (LP-CVD) technique on a heavily doped n -type single-crystalline silicon substrate. The average grain size of polycrystalline silicon is 100 nm. Nc-PPS layers were formed by anodization in an ethanoic HF solution (55 wt% HF : ethanol = 1 : 1) under illumination by a 500 W tungsten lamp. First, a 0.7 µm thick luminescent nc-PPS layer was formed by anodization. Then the ballistic layer (B layer) is formed also by anodization, by modulating the anodization current such that ballistic electrons could be efficiently generated under forward bias condition [6] . The B layer thickness is about 0.7 µm.
The anodized nc-PPS layer is further treated by electrochemical oxidation in a 1M H 2 SO 4 solution under a dark condition. This treatment is effective to decrease a leakage current and to enhance the electric field effect in nc-PPS. Finally a thin Au film (10 nm thick) was deposited onto the nc-PPS layer as a semitransparent top electrode. The diameter of the active area was 5 mm. The optoelectronic characteristics of the device were evaluated in an N 2 gas ambient at room temperature.
In this paper, the conventional device R is also prepared for reference. It includes only the luminescent layer. Device B is the new device, including both a luminescent layer and a ballistic layer. A cross-sectional view of device B is shown in Fig. 1 . Figure 2 shows the current density as a function of the voltage for devices R and B. The corresponding EL intensity behavior is shown in Fig. 3 . Under reverse bias, both the current density and the EL intensity are reduced by the presence of the B layer, and the EL efficiency is not much improved. This is reasonable since the ballistic electron generation should not take place under reverse condition. Under forward bias, in contrast, the EL efficiency is much increased in device B compared to device R, due to both a significant reduction in current density and an increase in EL intensity. The current density is reduced because the overall PPS thickness is larger for device B than in device R. However, the EL intensity is increased, showing an improved EL efficiency. Figure 4 shows the EL intensity as a function of the current density for devices R and B. The improvement in the EL quantum efficiency extends over three orders of magnitude. The EL emission spectra (orange band in this case) of the two devices almost coincide with each other, as shown in Fig. 5 , independent of the bias voltage. According to the results of the energy distribution measurements of electrons emitted into vacuum, carried out separately for similar devices [6] , the distribution curves exhibit ballistic features and the maximum kinetic energy of electrons generated inside the B layer is expected to reach several electron volts at bias voltages under study [6] . It is likely that the ballistic electrons run into the luminescent nc-Si layer, enhance the band-to-band excitations, and stimulate the emission of light through radiative recombination.
Results and discussion

Conclusions
A novel design of a PPS light-emitting device has been proposed. The device is composed of a luminescent top layer and a bottom layer. The two layers can be formed by a single-step anodization technique. The especially important bottom layer is appropriately controlled in order to efficiently generate ballistic electrons. This device configuration is very useful for increasing the EL efficiency of nc-Si diode. It can be seen that the diode current of the device B is significantly reduced in comparison to that of the conventional device R. Fig. 3 . The EL intensity of two devices as a function of the applied voltage. Note that the EL intensity is significantly enhanced in the forward bias region, whereas that is decreased in the reverse bias region. 
